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Abstract— Microwave bandpass filters constructed from 
materials exhibiting some nonlinearity, such as superconductors, 
will generate intermodulation distortion (IMD) when subjected 
to signals at more than one frequency.  In commercial 
applications of superconductive receive filters, it is possible for 
IMD to be generated when a weak receive signal mixes with very 
strong out-of-band signals, such as those coming from the 
transmitter.  A measurement procedure was developed and data 
were taken on several different types of superconducting 
bandpass filters, all developed for commercial application.  It 
was found that in certain interference situations, the 3-tone 
mixing can produce a spur that is noticeable by the receiver, but 
that there are simple preventative design solutions. 
Index Terms— High Temperature Superconductors (HTSs), 
Filters, Intermodulation Distortion (IMD). 
 
I. INTRODUCTION 
y now, the application of HTS filters to wireless 
telecommunications has been well documented [1].  A 
wireless receiver benefits from inserting an HTS filter 
between the antenna and the receiver in two key ways.  Being 
of high order, the HTS filter offers sharp rejection of out-of-
band interferers.  Being of high Q and low temperature, the 
HTS filter does not desensitize the receiver with added noise 
figure nearly as much as a conventional filter does.  However, 
the HTS material is not perfectly linear, and it is possible in 
some situations for the HTS filter to actually degrade the 
front-end over the performance with a conventional, non-
HTS, filter by introducing intermodulation distortion (IMD).  
This paper identifies the critical IMD measurement, presents 
results on commercial HTS filters, uses RF system 
engineering to determine an acceptable upper limit, and 
discusses filter design solutions to meet that system 
requirement. 
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II. OVERVIEW OF THE FILTERS USED IN THIS STUDY 
HTS bandpass filters are being routinely made using two 
significantly different technologies.  In one case, filters are 
fabricated using, for example, thin film YBa2Cu3O7-δ (YBCO) 
on MgO substrates, or using thin film Tl2Ba2CaCu2O8 on 
LaAl2O3 substrates.  The compact resonator design is 
described elsewhere [2].  The nonlinearity of a 1.5 MHz wide 
8-pole filter at 845 MHz made with YBCO on MgO will be 
reported below.  This filter is targeted for the A-prime cellular 
band.  Also, the nonlinearity of a 7.5 MHz 8-pole filter at 900 
MHz made from folded hairpin resonators using TBCCO will 
be included [3].  This filter is targeted for GSM-900 base 
stations. 
In the other case, three-dimensional filters are made by 
applying thick film coatings of YBa2Cu3O7-δ to yttria 
stabilized zirconia (YSZ) substrates, or to silver plated 
stainless steel substrates.   A 20 MHz wide 16-pole filter at 
1950 MHz used compact closed-slot spiral resonators made 
from YBCO on YSZ substrates [4].  This filter is targeted at 
the 3rd generation wireless band now being used in Japan.  A 
1.5 MHz wide 8-pole filter at 845 MHz was made from 
YBCO applied to a split toroidal resonator [5].  Like the 8-
pole thin film filter above, this filter is also targeted to the A-
prime cellular band, and the two will be compared.  A 9.5 
MHz wide 14-pole filter at 895 MHz was made from YBCO 
applied to metallic quarter wave resonators in a comb-line 
configuration.  Like the 7.5 MHz wide 8-pole thin film filter 
above, this filter is targeted to the GSM-900 band, and the two 
will be compared. 
 
III. THREE-TONE IMD MEASUREMENT 
A. The origin of 3-Tone IMD 
Intermodulation occurs when signals at more than one 
frequency are incident on a nonlinear device as discussed in 
[6].  A special case is often made of IMD occurring from the 
mixing of two signals.  This 2-tone IMD is especially 
convenient for semiconductor devices because it provides a 
standard test condition for device characterization.  It is 
perhaps more simplistic than the real device application, since 
more than two signals, or tones, are usually incident.  
Nevertheless, the 2-tone IMD conveniently indicates the 
extent of a device’s nonlinearity. 
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Like semiconductor devices, an HTS filter can also be 
characterized by measuring the IMD generated by two signals 
passing through it, but that does not indicate the impact of the 
IMD on system performance.  Filters are frequency selective, 
and the nonlinear performance is not the same for in-band and 
for out-of-band signals.  Some authors (including the present 
[7]) continue to rely on 2-tone IMD from in-band carriers, as a 
convenient way to characterize and to compare HTS filters.  
But, within the context of an application, the in-band signals 
are small enough (typically <-50 dBm) that the HTS filter 
does not generate IMD.  However, out-of-band signals are 
usually much stronger (as strong as +15 dBm), creating a real 
nonlinear output from the filter.  Two strong out-of-band 
signals by themselves usually do not pose a threat because the 
order of the IMD they can generate in-band is high.  However, 
a real threat to the radio receiver occurs when two closely 
spaced out-of-band signals mix with one in-band signal.  Then 
it does not matter how far out-of-band the strong carriers are, 
they will provoke a nonlinear output within the filter 
passband. 
When three tones are incident on a nonlinear device, the 
mixing product of greatest concern is that which occurs 
nearest to the desired signal.  This mixing term is predicted in 
the same way as the mixing terms from 2-tone 
intermodulation, as described in [6] and [8].  Harmonic terms 
are found from a Taylor series expansion of the electric field 
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where the magnetic field, H, contains three input frequencies, 
Hin=H1sin(ω1t)+H2sin(ω2t)+H3sin(ω3t), where ω=2πf.  When 
the magnetic field is inserted into Equation (1) there are four 
terms, all from the third order expansion term, which include 
all three input frequencies.  IMD products are expected at any 
positive values of f1-f2+f3, f1-f2-f3, f1+f2+f3, and f1+f2-f3.  If f1 
and f2 are the frequencies of two out-of-band signals, and f3 is 
the frequency of an in-band signal, then a third order IMD 
product will occur at fIMD=f3±(f2-f1) and is described by 
 
]))(sin[( 213321 tEEEEIMD ωωω −±∝  .       (2) 
 
EIMD, which can be regarded as electric field or voltage, 
depends linearly on the amplitude of each carrier signal.  If 
one signal changes by a factor of 10, then EIMD should change 
a factor of 10.  If all three change by a factor of 10, then EIMD 
should change a factor of 1,000.  Measurements performed on 
a GaAs low noise amplifier using the circuit described below 
yielded exactly that result.  When the IMD was plotted on a 
logarithmic scale (in dB) versus the input power in dB, the 
slope was 1:1 when only one signal varied, 2:1 when two 
signals varied identically, and 3:1 when three signals varied 
identically. 
 
B. Measurement Circuit 
In order to measure 3-tone IMD, a circuit must be 
constructed to isolate and combine the three signals of 
interest.  The circuit used by the authors is shown in Figure 1.  
Three high dynamic range signal generators produce the test 
signals.  The out-of-band signals are first combined together 
by a 3 dB hybrid coupler.  A 2:1 power combiner can be used 
in place of the splitter.  An optional step attenuator can be 
used to adjust the signal level.  The power control on the 
signal generators can also be used instead of the step 
attenuator.  A power amplifier (PA) then boosts the two 
signals.  The PA will generate IMD, but as long as the two 
signals are far enough out of band that the PA’s IMD is of 
very high order, then it will not affect the measurement.  In 
cases where the out-of-band signals are close to band, such 
that the PA’s IMD at fIMD is less than approximately 10th 
order, then two separate PAs should be used before the 
hybrid.   
 
The isolator catches the reflected carriers f1 and f2, which 
dissipate in the load on its 3rd port.  The isolator, combined 
with the notch filter and the optional 3 dB attenuator, also 
isolates the PA output stage from the third carrier, f3.  This 
isolation is necessary since the hybrid (of particular concern, 
the one on the right) only provides about 20 dB of isolation 
between the input ports.  The notch filter is tuned to f3 and is 
usually about 20 dB deep.  The bandpass filter on the path that 
generates f3 isolates the signal generator from f1 and f2, which 
can enter this path either through the imperfect isolation of the 
hybrid, or as reflections from the HTS filter.  The bandpass 
filer must provide at least 30 dB of isolation at f1 and f2.  The 
hybrid coupler on the right combines all three carriers, which 
then impinge upon the HTS filter.  An optional bandpass filter 
after the HTS filter provides further isolation of the spectrum 
analyzer from bleed through of carriers f1 and f2. 
Before measuring the 3-tone IMD with the HTS filter, a 
conventional filter that passes f3 and rejects f1 and f2 should be 
inserted in place of the DUT.  Steps sometimes need to be 
taken to reduce any “set-up IMD” found this way to a level at 
least 20 dB smaller than the IMD measured with the HTS 
filter.  In all measurements in this work, the set-up IMD was 
at least 15 dB lower than the DUT, and usually undetectable.  
For example, when f1 and f2 were +20 dBm and f3 was -10 
dBm, the set-up IMD was -118 dBm.  As a worst case for set-
up IMD interfering with measured IMD, the A-prime band 
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Fig. 1.  The circuit used to measure 3-tone IMD.  1. Signal generator; 2. 
Hybrid coupler; 3. 50 Ω load; 4. Step attenuator; 5. Power amplifier; 6. 
Circulator; 7. Notch filter; 8. 3 dB attenuator; 9. HTS filter; 10. Added
protection bandpass filter; 11. Spectrum analyzer. 
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thick film HTS filter, which had lower IMD than the other 
filters, had about -97 dBm at 77K in this case.  When f3 was 
lowered to -20 dBm, the set-up IMD could not be measured 
with the sensitivity of the equipment (about -130 dBm).  The 
A-prime band thick film filter measured –108 dBm in this 
case.  These set-up IMD levels give an indication of the 
sensitivity of this measurement.  For very low level carrier 
signals, the sensitivity of the apparatus can be improved from 
about –130 dBm to about -150 dBm by attaching a low noise 
amplifier to the input port of the spectrum analyzer. 
 
 
IV.  MEASUREMENT RESULTS 
A. Two-Tone Results 
Two-tone IMD measurements are well documented [7].  In a 
two-tone measurement, two carriers, f1 and f2, either in-band 
or out-of-band of the filter, are incident on the filter.  The 
third order IMD spurs are measured at 2f1-f2 and at 2f2-f1.   In 
the case of studies of the 2-tone IMD from HTS filters, certain 
observations have been made.  (1) The IMD improves as 
temperature is reduced.  Below TC/2, actually below about 60 
Kelvin for YBCO, there is very little temperature dependence, 
as has been seen in our own data and is evident in published 
data as well [9].  (2) For carriers near the band-edge, 
especially carriers in the filter skirts, the higher group delay in 
that frequency region results in higher currents relative to the 
middle of the band [10].  This also results in higher IMD for 
carriers in this region. 
When 3rd order 2-tone IMD is plotted logarithmically, in 
dBm versus input power in dBm, for a semiconductor device, 
the slope is usually 3:1.  For HTS filters, the slope is 
determined by the extent to which the surface impedance, 
ZS(HRF), depends on surface RF magnetic field, HRF.  The 
IMD (and hence its slope) of thin film microstrip filters is 
generated by currents contained within one penetration depth 
of the film edge [11].  Three dimensional thick film HTS 
coated structures usually have no current-carrying edges, 
which significantly reduces the kinetic inductance 
contribution.  Their surfaces are comprised of superconductive 
grains, which have weak electrodynamic coupling.  The IMD, 
and especially its slope, depends on the RF current 
dependence of the surface resistance of the HTS thick film 
[8], which in-turn depends on inter-granular coupling.  The 
power law field dependence of ZS on HRF varies across 
different magnitudes of field, leading to changes in the slope 
of the IMD tone at different carrier power levels. For several 
reasons treated in Chapter 3 of [10], the slope is found to vary 
from 1:1 for very granular HTS material to 2.5:1 (or even 
nearly 3:1) for high quality epitaxial material.   
 
B. Three-Tone IMD Studies Made with Different Filters 
1) GSM Band Filters 
Three-tone IMD measurements were made on the two 900 
MHz filters.  The measured IMD for the 7.5 MHz wide filter 
made from TBCCO thin film on LAO is shown in Figure 2.  
The major portion of each curve has a slope of almost exactly 
1:1 over the power range of the measurement, even though 
two signals are being varied, leading one to expect a slope of 
2:1 per (2).  The slope of the IMD when only the in-band 
signal level is varied was also nearly 1:1, as expected from 
(2).   
The 9.5 MHz wide filter was made from YBCO thick film 
on Ag-plated, stainless steel three-dimensional substrates and 
any 3-tone IMD was below the sensitivity of measurement.  
The input and the output resonators of this 14-pole filter were 
not superconducting.  Because the currents from out-of-band 
carriers reside predominantly in the input resonator [12], it is 
primarily in the input resonator that the IMD from three-tone 
mixing is generated.  The practice of using the bare metallic 
substrates for the I/O resonators does not significantly degrade 
the filter performance [13], except for very narrow filters.   
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Fig. 2.  The 3-tone IMD measured for an 8-pole, 7.5 MHz wide filter 
centered at 903.75 MHz fabricated from Tl2BaCa2Cu2O8 thin film on a 
Lanthanum Aluminate (LAO) substrate was measured at 75 Kelvin.  
The two out-of-band carriers were spaced 0.5 MHz apart. 
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Fig. 3.  Two 8-pole, 1.5 MHz wide filters centered nominally at 845 
MHz were made, one from thick film YBCO and one from thin film
YBCO on an MgO substrate.  The IM of the two at 72.5 Kelvin is
compared here.  The out-of-band carriers were at 870 MHz with 1 MHz 
separation.  The in-band carrier was at -30 dBm 
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2) A-Prime Band Filters 
Three-tone IMD measurements were made with the two 
YBCO 1.5 MHz wide 8-pole filters nominally tuned to 845 
MHz.  These are shown for a temperature of 72.5 Kelvin and 
a –30 dBm in-band carrier in Figure 3.  The IMD is higher for 
the thin film filter.  However, because the I/O resonators in 
the thick film filter were superconductive, the three-tone IMD 
was large enough to measure.  In the case of three-tone IMD, 
the slopes of the IMD spur either versus out-of-band power or 
versus in-band power are nearly 1:1. 
 
3) 3G/UMTS Band Filter 
Third generation Universal Mobile Telecommunications 
System wireless was launched in Japan in 2001, and is now 
being launched in parts of Europe.  A highly compacted three-
dimensional thick film YBCO coated resonator was developed 
for making filters for this service at 1950 MHz that are a 
factor of 6 smaller than the previous generation thick film 
YBCO filter.  Three-tone IMD was measured under two 
different conditions with this 16-pole, closed slot spiral 
resonator filter.  The first condition was with the out-of-band 
carriers positioned in the assigned transmit band, 180 MHz 
away.  The second condition was made with the out-of-band 
carriers very near to the band-edge, just 2.5 MHz away.  It can 
be seen that the IMD is much higher when the carriers are 
closer to the passband.   
A more complicated circuit is needed to perform the second 
measurement.  In this case, separate power amplifiers are used 
for each signal path since passing both out-of-band tones 
through one PA will produce significant IMD in the filter 
passband.  Figure 4 shows one curve for each case.  The IMD 
is 10 to 15 dB higher for the close-in carriers, despite the more 
than 80 dB of rejection offered by the HTS filter 2.5 MHz out 
of band.   
 
C. Behavior of 3-Tone IMD 
1) Dependence of IMD on the Frequency of the Out-of-Band 
Carriers 
The result in IV.B.3 showing the elevated IMD level that 
occurs when the carriers are in the neighboring band, instead 
of in the more distant TX band, motivated further 
investigation of the frequency dependence.  From the two-
tone result that IMD is higher when the two in-band carriers 
are close to the band edge, it is expected that higher three-tone 
IMD occurs when the out-of-band carriers are located in the 
filter skirt, or near a transmission zero.  This was indeed the 
observation in IV.B.3. 
The IMD versus the frequency of the out-of-band carriers 
was measured for the 1.5 MHz wide thick film HTS filter.  
The out-of-band carrier frequencies were varied from 857 
MHz to 905 MHz.  The measured IMD at each frequency 
versus the rejection of the filter at each frequency is plotted in 
Figure 5.  Although, no physical connection between IMD and 
rejection is postulated here, the correlation between the IMD 
and the rejection of this filter is about 1 dB of added IMD for 
every 4 dB of less rejection.   
 
 
2) Temperature Dependence of the Three-Tone IMD 
The nonlinear effects of superconductors peak just below 
TC.  This has been shown by several groups to be the case in 
passive HTS microwave devices [14] and [15].  The 
temperature dependence of the 3-tone IMD of the thick film 
A-prime band filter is shown in Figure 6.  Thick film 
superconductors are very granular, and as the temperature 
reaches TC (92 Kelvin) the current needed to break down the 
inter-granular Josephson coupling between grains (usually 
referred to as ICJ) becomes smaller, resulting in higher 
nonlinear distortion. 
 
 
D. Measurement Reproducibility 
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Fig. 5.  The variation of 3-tone IMD with filter rejection was measured using 
the thick film A-prime band filter.  Varied rejection was achieved by 
performing the measurement with the 1 MHz spaced out-of-band carriers at 
different frequencies.   
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Fig. 4.  3-tone IMD was measured on a 20 MHz wide 16-pole filter centered
at 1950 MHz.  In one measurement, the out-of-band carriers were 180 MHz
away from the passband at 2139.5 and 2140.5 MHz, where filter rejection
was >130 dB.  In the other they were 2.05 MHz and 2.65 MHz out of band,
where filter rejection was about 85 dB.  The in-band carrier was -30 dBm at 
1950 MHz. 
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In the case of these measurements the Hewlett-Packard 
signal generators and spectrum analyzer accuracies were 
validated through recent factory certified calibrations, so the 
uncertainty lay in the set-up.  The insertion loss or gain of 
each component was measured using a network analyzer, also 
with a recent factory certified calibration.  The accuracy then 
with which signal levels are generated and detected is well 
within ±0.5 dB.  So, the best assessment of the measurement 
is through its reproducibility.  Figure 5 gave an indication of 
reproducibility through the scatter of the data about the 
straight line.  Each data point represents data from a separate 
set of IMD measurements, occasionally interrupted by re-
tuning the notch filter in the circuit of Figure 1.  The average 
deviation of data about the line is ±1.44 dB.  As a separate 
consideration, the 3-tone IMD of the thin film A-prime band 
filter was measured at 75 Kelvin with +14 dBm out-of-band 
carriers and –10 dBm in-band carrier on three different 
occasions, with the test circuit having been re-constructed 
each time.  The three values were -89.9 dBm, –88.4 dBm and 
–91.6 dBm, or –90.0±1.6 dBm where the uncertainty of 1.6 
dB is the standard deviation.  We will consider ±1.6 dB to be 
the reproducibility of these 3-tone IMD measurements. 
 
V.  APPLICATION TO WIRELESS COMMUNICATION 
HTS filters are used in the front-end of radio receivers 
immediately after the antenna.  They are used to reduce 
interference and, because of the low temperature of operation, 
to improve sensitivity.  The data in the previous section 
demonstrate that the filters can inject interfering signals in the 
form of IMD.  This section will answer the question of what 
level of IMD is unacceptable, and describe solutions to ensure 
the IMD is at an acceptable level. 
The data in IV show that strong out-of-band carriers 
impinging on HTS filters cause unwanted in-band interference 
when mixing with an in-band carrier.  The data indicate an 
operational limit for the filter in question.  However, the 
operational requirements of HTS filters need to be defined.  
HTS filters are used in cellular base stations that operate 
within the 800 MHz cellular (824-849 MHz), GSM 800 (890-
915 MHz), 3G (1920-1980 MHz) and PCS (1850-1910 MHz) 
receive bands.  Each operator uses a sub-band within these 
bands, and the receiver is best served by HTS when the HTS 
filter response conforms to the sub-band.   
For each base station receive band there is a corresponding 
base station transmit band.  The transmit band for 800 MHz 
cellular is 869-894 MHz.  In base station applications, high 
energy carriers from the transmitter usually impose the 
strongest out-of-band signals on a receive filter.  Figure 7 
shows a spectrum measurement of the energy received by the 
antenna of an 800 MHz cellular base station.  The 
measurement was taken at the bottom of the antenna feed 
cable, where it goes next to the HTS filter.  Figure 7a shows 
the spectrum between 860 MHz and 900 MHz.  This includes 
the base station’s transmitter at 880-894 MHz.  The out-of-
band interferers are as large as +15 dBm, and are as close 
together as 1.3 MHz.  To be fair, this is one of the worst 
examples of transmit band interference, which is usually 
closer to 0 dBm.  Figure 7b shows the in-band energy for this 
busy Time Domain Multiple Access base station.  The largest 
in-band peak is about –65 dBm.  If the base station filter has 
the IMD performance of the filter from Figure 2, then an 
extrapolation would indicate that the IMD level will be about  
–112 dBm.   
The maximum acceptable level of in-band interference is a 
complicated function of the receiver characteristics.  However, 
if purveyors of HTS filters do not wish IMD to be an issue 
a
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Transmit Band
Fig. 7.  Spectrum analyzer sweeps taken from the receive antenna at an 
800 MHz cellular B-Band base station showing (a) the spectrum 
containing the transmit band, and (b) the spectrum containing the 
desired in-band energy. 
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with the end-user, then the IMD of the HTS filter should be at 
least 10 dB below the receiver sensitivity, which is the 
minimum signal level at the receiver input needed to maintain 
a required receiver performance metric.  In the case of IS-95 
Code Division Multiple Access, the receiver metric is a frame 
error rate of 1%, and a reasonable receiver sensitivity level is 
–117 dBm [16].    The data in this paper demonstrate that 
some HTS filters, at least the filter in Figure 2, are likely to 
introduce visible distortion to the radio receiver.   
There are practical solutions to the problem of 3-tone IMD.  
The reader is now reminded of the solution used in the YBCO 
thick film GSM band filter in IV.B.1 to realize no 3-tone 
spurs, where the input resonator was not superconducting.  
High input resonator Q is unnecessary in all but the most 
extremely narrow band filters.  Another means of stopping 3-
tone IMD is to place a low order (perhaps 3-pole) filter in  
front of the HTS filter, at the expense of added insertion loss.  
The filter designer can find ways to reduce the IMD by 
minimizing the current peaks in the resonators, [17] and [18], 
and using a higher power handling resonator as the filter’s 
input resonator [19]. 
 
V. CONCLUSION 
A method to reproducibly measure the 3-tone IMD of a 
superconducting bandpass filter has been demonstrated.  The 
extent to which commercial HTS filters generate 3-tone IMD 
has been measured.  When subject to high out-of-band energy, 
such as from the transmitter, HTS filters can indeed generate 
levels of IMD that are high enough to add noise to the base 
station receiver.  For all types of HTS filters studied, the 
generation of 3-tone IMD varies with the input power with a 
slope of 1.  In most base stations the out-of-band energy is not 
high enough to cause IMD above the noise floor, but in the 
example presented, this case is possible.  This does not 
however pose a threat to the commercial deployment of HTS 
filters as there are design solutions that reduce, or eliminate, 
the 3-tone IMD. 
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